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Abstract

We report an electrophoretic deposition method for the fabrication of gold nanoparticle (GNP) thin films as
sensitive surface-enhanced Raman scattering (SERS) substrates. In this method, GNP sol, synthesized by a
seed-mediated growth approach, and indium tin oxide (ITO) glass substrates were utilized as an electrophoretic
solution and electrodes, respectively. From the scanning electron microscopy analysis, we found that the density of
GNPs deposited on ITO glass substrates increases with prolonged electrophoresis time. The films possess high
mechanical adhesion strength and exhibit strong localized surface plasmon resonance (LSPR) effect by showing
high SERS sensitivity to detect 1x 10~ M rhodamine 6 G in methanol solution. Finally, the relationship between
Raman signal amplification capability and GNP deposition density has been further investigated. The results of our
experiment indicate that the high-density GNP film shows relatively higher signal amplification capability due to the
strong LSPR effect in narrow gap regions between the neighboring particles on the film.
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Background
Films composed of noble metal nanoparticles (typically,
Au or Ag) currently have attained wide popularity and
aroused intense research interest in nanotechnology due
to the intriguing optical properties introduced by localized
surface plasmon resonances (LSPRs). LSPRs, which are
optical phenomenona arising from the collective oscilla-
tion of conduction electrons in noble metal nanoparticles
when the electrons are disturbed from their equilibrium
positions, lead to enormous optical local-field enhance-
ment at the nanoscale and obtain potential applications in
many fields such as chemical or biosensors [1-4], solar cell
designs [5-8], and surface-enhanced Raman scattering
(SERS) [9-11].

Due to the exceptional optical properties of noble metal
nanoparticle films, many available methods for the fabrica-
tion of these films have been proposed in the past two
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decades. In order to obtain a strong LSPR effect, it is often
necessary to engineer the particle deposition density on
substrates for practical application because the deposition
density can greatly affect the optical property of the films
[12]. The most recently available methods for the fabrica-
tion of these films include electron beam lithography and
nanoimprint lithography, both can completely control the
micromorphology of the nanostructures for the design
with unique LSPR spectrum [13,14]. However, these meth-
ods require sophisticated fabrication equipment and are
limited by either expensive cost or small sample size in
practical applications. Instead, some simpler bottom-up
approaches based on self-assembly, e.g., Langmuir-Blodgett,
dip coating, and electrochemical deposition, have shown
great conveniency in large-scale fabrication and much less
defectivity [15-19]. Such techniques can surely produce
noble metal nanoparticle thin films with large areas, but
the resulting films usually lack mechanical adhesion
strength of nanoparticles to substrate materials required
for device construction.

In this paper, we report a rapid, simple, and room-
temperature electrophoretic deposition method using gold
nanoparticle (GNP) sol as an electrophoretic solution to
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fabricate sensitive GNP films with high mechanical adhe-
sion strength. It is found that the GNP deposition density
on the films can be adjusted by changing the electrophor-
esis time, and the sub-10-nm gaps can be formed between
the neighboring particles on the film for the relatively
longer electrophoresis time. Finally, we demonstrate the
excellent signal enhancement ability of these GNP thin
films as substrates in SERS measurements and find that
rhodamine 6 G (R6G) molecules can be detected at very
low concentrations using these films.

Methods

Figure 1 shows the scheme of the fabrication process of
the GNP thin films. The process contains two steps: In the
first step, the GNP sol, as an electrophoretic solution for
GNP thin films, was synthesized by a seed-mediated
method [20,21]. As shown in Figure la, the GNP sol was
synthesized by adding the seed solution (aqueous solution
of cetyltrimethylammonium bromide (CTAB), NaBH,,
and HAuCl,) into the growth solution (aqueous solution
of CTAB, ascorbic acid, and HAuCl4). The resulting solu-
tion was gradually transformed into red color. In this syn-
thesis procedure, bilayers of CTAB, which was used as
surfactant, were formed on the GNPs' surface, and these
GNPs kept a net positive charge to prevent random aggre-
gation between particles. After growing over one night,
the GNP sol was centrifuged at 14,000 rpm for 10 min
and then redispersed into deionized water (>18.0 MQ c¢m)
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to remove redundant reactants in the solution. In the sec-
ond step, electrophoretic deposition method was
employed for film preparation. As illustrated in Figure 1b,
two indium tin oxide (ITO) glass substrates (30 x 10 x
0.6 mm) were immersed into the GNP sol (approximately
10"° particles L") and used as cathode and anode, with an
interelectrode distance of 3 mm, for electrophoresis. Dur-
ing the experiment, electrophoresis was carried out by ap-
plying a voltage of 4.5 V at room temperature. Under
otherwise equal conditions, three film samples, S1, S2, and
S3, were prepared with different electrophoresis times, i.e.,
8, 2, and 1 min, respectively. When the electrophoresis
process was finished, the samples were rinsed with deio-
nized water (>18.0 MQ cm) and then baked on a hot plate
at 60°C for 30 min to remove the residual solution.

Results and discussion

Firstly, we characterized the micromorphology of the GNPs
in the electrophoresis solution using a transmission elec-
tron microscope (TEM). Figure 2 shows the TEM image of
GNPs in the sol. It is found that the GNPs are single crys-
tals with a nearly uniform spherical shape and well dis-
persed in the solution due to the Coulomb repulsion effect,
which was introduced by the bilayers of CTAB on GNPs'
surfaces [22]. The average size of GNP is between 43 and
47 nm, which is dependent on the amount of gold seeds
added during the synthesis process. Then, we also exam-
ined the plasmon resonance characteristic of GNP sol using

(a) Preparation of GNPs

U/
Growth Solution

cathode

Electrophoresis

Seeds

——

(b) Fabrication Process of GNP thin film

Figure 1 Schematic illustration of (a) preparation of GNP sol and (b) fabrication process of GNP thin film.
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Figure 2 TEM image of GNPs synthesized by seed-mediated method. The inset gives the measured extinction spectrum of the GNP sol.
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a UV-vis-NIR spectrophotometer. The extinction spectrum
of the GNP sol (the inset in Figure 2) indicates that the sol
has a single narrow plasmon resonance peak at 531 nm,
and this result indirectly proved the excellent control of
micromorphology of the GNPs in the synthesis process.

In this experiment, a simple principle was utilized to
form GNP films: because the CTAB-wrapped nanoparti-
cles in the solution possess a net positive charge, under
an external electric field condition, the particles moved
to the cathode and attached onto the ITO glass. To in-
vestigate the micromorphology of GNP thin films depos-
ited on the ITO glass substrates, field emission scanning
electron microscopy (FESEM) was performed. Figure 3
shows AuNP depositions from dispersed distribution to
multilayered close packing which are achieved by vary-
ing the electrophoresis time. For a short electrophoresis
time (1 or 2 min), the particles on samples S2 and S3
were well uniformly separated over the surface of the
ITO glass (Figure 3a,b). When the electrophoresis time
was prolonged to 8 min (Figure 3c,d), the GNP thin film
on sample S1 was gradually transformed into a multi-
layered close-packed structure in the microscale. Despite
the same electrophoresis solution in the fabrication
process for the three films, the GNPs deposited on the
three samples have different sizes with different electro-
phoresis times. Most particles on samples S2 and S3 fall
in the size range of 45 to 50 nm, which is close to the

particle size in the original deposition solution. For sam-
ple S1, however, the typical size of GNP on the film is
61 nm, which is both larger than that of the original par-
ticles in the GNP sol and the ones on samples S2 and
S3. This particle size change may be attributed to the
recrystallization of the Au" ions that resided in the GNP
sol. We suspect that in the electrophoresis process, an
electrochemical deposition process also occurred simul-
taneously and the particle size gradually increased be-
cause some Au’ ions were reduced into Au atoms and
attached on the original GNPs on the cathode surface.
From the high-resolution FESEM image (Figure 3d), we
found that the particles nearly retain the shape of the
original ones in the deposition solution (see Figure 2).
Therefore, this shape maintenance property gives us a
message that the shape and size of GNPs on films can
be changed by altering the original GNPs, e.g., nanorod,
nanotriangular, and nanocubic, which can be easily
synthesized by adjusting the concentrations of reactants
in a seed-mediated method [20,22]. From the high-
resolution image, it is also found that the sub-10-nm
gaps (the red circles in Figure 3d), which play an import-
ant role in SERS applications [17,23], were formed be-
tween the neighboring particles on sample S1.

The mechanical adhesion strength of the GNP thin films
was tested by ultrasonication in deionized water (>18.0 M
Q cm). For comparison, an extra sample was prepared by
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Figure 3 Comparison of top-view FESEM images of the three samples: (a) S3, (b) S2, (c) S1. (d) High-resolution FESEM image of sample S1.
The positions (red circles) indicate that sub-10-nm gaps have been formed between the neighboring particles on this film.
.

directly depositing a droplet of the GNP sol onto an ITO
glass substrate, and GNPs remained on the surface of the
substrate after evaporating the sol under ambient condi-
tions. FESEM observations (not shown in figure) were car-
ried out at the same positions on the substrates both
before and after applying 5-min ultrasonication on the
GNP thin films and the reference one. We found that the
GNPs on thin films fabricated by electrophoretic depos-
ition method were resistant to the ultrasonication process.
The micromorphology had little change on the surface of
the thin film after applying ultrasonication. In contrast,
GNPs on the reference sample were not able to resist the
ultrasonication process, and a retention rate below 35%
was observed. This contrasting result indicates that the
GNP thin films fabricated by electrophoretic deposition
method possess superior mechanical adhesion strength.
Raman spectroscopy is not only a powerful analytical
technique in composition analysis, but also a testing tool
to examine the LSPR effect of GNP thin films. The
Raman spectra have been intensively used in the field of
identification of organic molecules from their vibration
spectra at very low concentrations. In the past two dec-
ades, many studies have revealed that noble metal nano-
particle films with a strong LSPR effect can amplify the
Raman signals in biological detection process [9-11]. In
order to evaluate the Raman-enhancing capability of the

GNP thin films fabricated by electrophoretic deposition
method, various R6G solutions with different concentra-
tions were prepared because they have been extensively
studied in prior literatures [1,24]. R6G is a strongly
fluorescent xanthene derivative that is a yellowish het-
erocyclic compound and shows a molecular resonance
Raman effect when excited into its visible absorption
band. In this experiment, a confocal Raman microscope/
spectrometer with ax 50 objective was used for the
Raman measurements. An Ar laser with a wavelength of
514 nm was employed for the excitations. The laser
power focused on the samples was measured to be
1.5 mW/cm?® The laser beam size focused on the sam-
ples was 2 um in diameter, and the acquisition time was
10 s. For comparison, R6G in methanol solutions with
different concentrations were dropped onto GNP thin
films and bare ITO glass substrates with no nanoparti-
cles. Raman spectra were recorded after drying the solv-
ent. For bare ITO glass substrates, the resulting spectra
show no discernable Raman peaks of R6G molecules at
the concentration of 107* M (not shown in figure). Until
the concentration increased to 10> M, a few weak peaks
can be observed. Therefore, when the R6G concentra-
tion is equal to or less than 10™* M, peaks associated to
R6G molecules cannot be detected in the Raman
measurement.
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In order to examine the enhancement capability of GNP
thin films to Raman signal, three R6G solutions with dif-
ferent concentrations of 107>, 107, and 10~ M (which
cannot be detected on bare ITO glass substrates with no
nanoparticles) have been applied at three different points
on sample S1, the film with the highest GNP density. As
shown in Figure 4, salient surface-enhanced characteristic
peaks of R6G molecules on this film can be seen notice-
ably, even if the concentration drops dramatically to
107 M. The band at 615 cm™" is due to plane bending of
the C-C-C ring, whereas the band at 776 cm™ has been
assigned to out-of-plane bending of the hydrogen atoms
of the xanthene skeleton [25]. The peak at 1,195 em ™t is
associated with C-C stretching vibrations, and those at
1,319, 1,365, 1,512, and 1,650 cm™ correspond to aro-
matic stretching vibrations [26]. Thus, these results indi-
cate that the R6G solution at the very low concentration
of 1077 M can be successfully identified using sample S1
as a sensitive SERS substrate.

In previous works [9,11], a plasmon resonance theory
is widely used to explain SERS enhancement. In this the-
ory, the LSPR effect of metal nanoparticles plays an im-
portant role in Raman signal amplification because the
electromagnetic field strength on the metal particle sur-
face becomes strongest when LSPR is excited. Metal
films that serve as SERS substrates often need high par-
ticle deposition density to form ‘hot spots’ in the narrow
gap regions between neighboring particles, which can
harvest high electromagnetic field to enhance the Raman
signal [15]. From Figure 3d, one can find that many nar-
row gaps with sub-10-nm distance are clearly formed
between neighboring particles on the film. These regions
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can produce a strong LSPR effect on the surface of the
thin film when GNPs are excited by the incident light
and enable the Raman characteristic peaks of R6G at a
very low concentration to be easily detected. Compared
with the previous works [17,27], Raman signal enhance-
ment is also observed in similar GNP films because of
the presence of narrow gaps. For instance, in [17], R6G
at an extremely low concentration of 10™° M was
successfully identified using nanosphere arrays with
sub-10-nm gaps as sensitive SERS substrates.

We have showed remarkable SERS signal amplifica-
tion effect using sample S1 with the highest nanoparti-
cle deposition density. To confirm the influence of the
GNP deposition density on Raman signal measure-
ment, we have carried out SERS studies on the other
two films, S2 and S3. For simplicity, an R6G solution
with a concentration of 10> M was applied on the
two films. From the resulting Raman spectra (Figure 5),
one can see that although sample S2 still can generate
the characteristic peaks of R6G, it is much weaker
than sample S1. For sample S3, there is even no dis-
cernable Raman peak of R6G shown on the Raman
spectrum. This behavior of losing Raman signal ampli-
fication capability implies that the LSPR effects on
samples S2 and S3 are much weaker than that of sam-
ple S1. Obviously, these results show an excellent
agreement of the micromorphology of the three sam-
ples because the densities of GNPs deposited on sam-
ples S2 and S3 were much lower than that of sample
S1. Thus, the narrow gaps located between neighbor-
ing particles on samples S2 and S3 were relatively
fewer and caused the weaker Raman signals.
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Figure 4 SERS spectra of the different concentrations of R6G adsorbed on the surface of sample S1.
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Figure 5 SERS spectra of R6G (10> M) obtained from the surface of the three samples.
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Conclusions

In summary, a rapid, simple, and room-temperature
electrophoretic deposition method has been proposed to
fabricate GNP thin films with high mechanical adhesion
strength. Sub-10-nm gaps between neighboring particles
have been formed when GNP deposition density
increases. The films made by this method exhibit a high
Raman signal due to the strong LSPR effect, which is
produced in the narrow gap regions. This design of GNP
thin films with a highly sensitive SERS-active property
may provide a new framework for the fabrication of
large-area SERS-based sensors.
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